All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Infections have been the primary cause of human morbidity and mortality throughout recorded history. Antimicrobial-resistant and novel pathogens continue to emerge, outpacing efforts to contain and treat them. In December 2019, a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak was reported \[[@pone.0236199.ref001]\] and has rapidly become a global pandemic. Safe and effective therapies for treatment-resistant and novel pathogens are urgently needed.

Ultraviolet (UV) light has long been known to exhibit antimicrobial effects. UVC (100--280 nm) \[[@pone.0236199.ref002], [@pone.0236199.ref003]\] is widely used to decontaminate environmental surfaces \[[@pone.0236199.ref004]\], but has harmful effects on human DNA \[[@pone.0236199.ref005]\]. External UVA (315-400nm) \[[@pone.0236199.ref002], [@pone.0236199.ref003]\] and UVB (280--315 nm) \[[@pone.0236199.ref002], [@pone.0236199.ref003]\] are FDA-approved for dermatologic indications including psoriasis, eczema and skin lymphoma \[[@pone.0236199.ref006]--[@pone.0236199.ref009]\]. Among these spectra, UVA, which composes 90--98% of the UV radiation in terrestrial sunlight, appears least damaging to mammalian cells \[[@pone.0236199.ref003], [@pone.0236199.ref010]\]. Recent advances in light emitting diodes (LEDs) make it feasible to apply light to internal organs \[[@pone.0236199.ref011]\].

Presently, there are no studies exploring the internal application of UVA light for bacterial or viral infections. Here, under specific conditions including distance, wavelength, intensity and time, we assess UVA efficacy against bacterial, fungal, and viral pathogens, including group B coxsackievirus and coronavirus-229E. We also evaluate the effects of therapeutic and supratherapeutic UVA exposure *in vitro* on three human cell types. Furthermore, we assess the effects of intraluminal UVA exposure *in vivo* in the first animal model of internal UVA therapy.

Materials and methods {#sec002}
=====================

Effects of UVA light on common opportunistic microbes in culture {#sec003}
----------------------------------------------------------------

### Bacterial and yeast preparations {#sec004}

Bacteria and yeast were grown in appropriate liquid culture media and conditions (detailed in [S1 Table](#pone.0236199.s004){ref-type="supplementary-material"}). Primary cultures were used to inoculate solid microbial agar and isolate single colony forming units (CFU). Liquid cultures were prepared from a single CFU of each microbe to guarantee purity. Cultures were incubated ([S1 Table](#pone.0236199.s004){ref-type="supplementary-material"}) until they reached the McFarland standard of 0.5 \[[@pone.0236199.ref012]\] and 1000 μL of the liquid culture was transferred into each of two 1.7 mL micro-centrifuge sterile tubes. A 100 μL aliquot from each tube was serially diluted and plated on solid microbial medium to determine baseline CFU/mL ([S1 Table](#pone.0236199.s004){ref-type="supplementary-material"}), and UVA light was applied to the remainder.

### UVA light against bacteria and yeast {#sec005}

UVA effects were assessed using both broad band (BB) and narrow band (NB) wavelength spectra. For BB assessments (peak wavelength \~345nm), a mercury vapor lamp (Asahi Max 303, Asahi Spectra Co., Tokyo, Japan) was used to transmit light *via* a borosilicate rod etched with diluted sulfuric acid, sodium bifluoride, barium sulfate and ammonium bifluoride (Armour, NJ). For NB experiments, an array of LEDs (peak wavelength 343±3nm, with full width at half maximum of 5nm) mounted on an aluminum heatsink (Seoul Viosys, Gyeonggi-Do, South Korea) ([S1 Fig](#pone.0236199.s001){ref-type="supplementary-material"}) was used. Wavelengths were confirmed by spectrometry (Flame UV-VIS, Ocean Optics, FL) and UV meters (SDL470 and UV510 UV, Extech, NH) ([S1 Fig](#pone.0236199.s001){ref-type="supplementary-material"}).

For the BB-UVA experiments, the sterilized rod was placed through the caps of 1.7mL tubes. An identical unlit rod was placed into control tubes. After incubation, CFU/mL were determined by serial dilutions of aliquots and measured using a Scan 300 Automatic Colony Counter (Interscience, Woburn, MA). This process was repeated at 20 and 40 minutes.

For the NB-UVA experiments, the LED array was placed 1cm from the surface of a culture plated with *E*. *coli* GFP, and illuminated (2000 μW/cm^2^ at the plate). In separate experiments, we exposed liquid cultures of 10^6^ CFU/mL of *E*. *coli* and *P*. *aeruginosa* to NB-UVA at intensities of 500, 1000, 2000 and 3000 μW/cm^2^ for 20 and 40 minutes.

Safety of NB-UVA on human cells {#sec006}
-------------------------------

HeLa cells (ATCC® CCL-2™) were added to DMEM cell culture medium (Gibco, Waltham, MA) plus 10% Bovine serum (Omega Scientific, Tarzana, CA) and 1x Antibiotic-Antimycotic (100x, Gibco) in 60x15mm standard tissue culture dishes (Corning, NY) and incubated at 37ºC (5% CO~2~) for 24 hours to achieve 1,000,000 to 1,800,000 cells per plate. Cells were exposed to NB-UVA (2000 μW/cm^2^) for 0 (control), 10, or 20min. After 24hr of further incubation at 37°C (5% CO~2~), cells were removed using 0.05% Trypsin-EDTA (1x) (Gibco), stained with Trypan Blue 0.4% (1:1) (Gibco) to define live/dead cells \[[@pone.0236199.ref013], [@pone.0236199.ref014]\] and quantitated using an automated cell counter (Biorad T20, Hercules, CA). HeLa cells were also exposed to higher NB-UVA at 5000 μW/cm^2^ for 20 minutes and quantitated after 24hr of incubation at 37ºC (5% CO~2~).

Effects of UVA were also tested on human alveolar (ATCC A549) and primary ciliated tracheal epithelial cells (HTEpC, Lot 446Z036.8, Male, age 50, Caucasian) (PromoCell, Heidelberg, Germany). Cells were plated and grown for 48h in DMEM (Alveolar cell) and Airway Growth Medium (HTEpC) (PromoCell) at 37ºC (5% CO~2~). Subsequently, cells were exposed to UVA (2000 μW/cm^2^) for 0 (control) or 20 minutes (treated), and cell counts were obtained after 24hr at 37ºC (5% CO~2~) by automated cell counter (Biorad T20).

Levels of 8-hydroxy-2'-deoxyguanosineis (8-OHdG), a sensitive marker of oxidative DNA damage and oxidative stress \[[@pone.0236199.ref015], [@pone.0236199.ref016]\], were analyzed in the DNA of NB-UVA-treated cells. DNA was extracted using AllPrep DNA/RNA/Protein Mini Kits (Qiagen). 8-OHdG levels were detected using EpiQuik™ 8-OHdG DNA Damage Quantification Direct Kits (Epigentek, Farmingdale, NY). For optimal quantification, the input DNA amount was 300 ng, as the basal 8-OHdG is generally less than 0.01% of total DNA (Epigentek). A standard curve of 8-OHdG ranging from 5 to 200 pg was used to determine the concentration of 8-OHdG in the samples.

Effects of NB-UVA light on human cells transfected with group B coxsackievirus {#sec007}
------------------------------------------------------------------------------

### NB-UVA exposure of HeLa cells transfected with group B coxsackievirus {#sec008}

HeLa cells were cultured (12 plates, mean 253,000 cells/plate) for 24hr at 37ºC (5% CO~2~). Recombinant coxsackievirus B (pMKS1) expressing an enhanced green fluorescent protein (EGFP-CVB) was prepared as previously described \[[@pone.0236199.ref017]\]; half were exposed to NB-UVA (2000 μW/cm^2^) for 20min while the other half were not exposed. HeLa cells were then transfected with NB-UVA-exposed or NB-UVA-unexposed virus (multiplicity of infection (MOI) = 0.1). Coxsackievirus is considered highly lytic \[[@pone.0236199.ref018]\]. After 6hrs, supernatant was removed, and cells were washed twice with 1x sterile PBS (pH = 7.0). New DMEM media was added and cells were incubated at 37ºC (5% CO~2~). Dead cells in the supernatant (floating cells) were collected and quantified 24hrs later using an automated cell counter (Biorad T20). Six plates (3 NB-UVA-exposed and 3 unexposed) were assessed for live cells. Of the remaining six plates, the 3 plates transfected with NB-UVA-exposed virus were exposed to an additional 20min of NB-UVA (2000 μW/cm^2^). After 24hrs at 37ºC (5% CO~2~), imaging was performed using a BZ-9000 BioRevo (Keyence Corp., Itasca, IL). Dead and live cells were determined by the Trypan Blue 0.4% (1:1)(Gibco) method and counts were obtained using an automated cell counter (Biorad T20).

### HeLa cell pre-treatment with NB-UVA and group B coxsackievirus transfection {#sec009}

HeLa cells were plated and incubated in DMEM for 24 hours at 37ºC (5% CO~2~). Plates were divided into unexposed controls (n = 3) and HeLa cells exposed to NB-UVA (2000 μW/cm^2^) for 20min (n = 3). After 24hrs at 37ºC (5% CO~2~), all plates were transfected with EGFP-CVB (MOI = 0.1). At 24hrs post-transfection, cells were counted using an automated cell counter (Biorad T20).

### Pre-treatment of group B coxsackievirus with NB-UVA and HeLa cell transfection {#sec010}

HeLa cells were cultured for 24hrs at 37ºC (5% CO~2~) and transfected with EGFP-CVB (MOI = 0.1). Prior to transfection, half of the EGFP-CVB aliquots were exposed to NB-UVA (2000 μW/cm^2^) and the other half remained unexposed. After 24hrs at 37ºC (5% CO~2~), imaging was performed and HeLa cell counts were using an automated cell counter (Biorad T20).

### Effects of repeated exposure of NB-UVA on HeLa cells already transfected with group B coxsackievirus {#sec011}

HeLa cells were plated and incubated at 37ºC (5% CO~2~) and at 24hrs, cells were divided into three groups: Group 1, cells transfected with EGFP-CVB (n = 3, MOI = 0.1), served as positive transfected controls. Group 2, HeLa cells transfected with EGFP-CVB (MOI = 0.1) exposed to NB-UVA (n = 3, 2000 μW/cm^2^ for 20 min) and 6hrs later exposed again to NB-UVA (2000 μW/cm^2^) for 20 minutes followed by 4 additional exposures (two 20-minute exposures on day 2, 8hrs apart, and two 20-minute exposures on day 3, 8hrs apart. Group 3, not transfected with EGFP-CVB but exposed to NB-UVA at the same time-points as Group 2 (n = 3) to assess UVA effects. In all experiments, imaging and cell counts were performed using an automated cell counter (Biorad T20).

### NB-UVA exposure on alveolar (A549) cells already transfected with group B coxsackievirus {#sec012}

Ideal timepoints of cell death from transfection were determined to be 24 hours in preliminary experiments with alveolar cells (results not shown). Alveolar cells were plated, incubated at 37ºC (5% CO~2~) and counted at 48hrs (n = 9, cell count of 754,000). Cells were then transfected with EGFP-CVB (n = 6, MOI = 0.1), and 24hrs later, plated cells were exposed to NB-UVA (2000 μW/cm^2^) for 0 (control, n = 3) or 20 minutes (treated, n = 3). Exposure was repeated every 24hrs for three days, with imaging and cell counts performed at 96hrs post-transfection. Three control plates were not transfected and not exposed.

### Preparation of coronavirus 229E {#sec013}

Human coronavirus 229E (CoV-229E) (ATCC VR-740, ATCC) was overlain onto confluent MRC-5 human lung fibroblasts. CoV-229E is considered lytic \[[@pone.0236199.ref019]\]. Once cells exhibited \~50% cytopathic effect, cells were trypsinized and the cell/media suspension was collected. The cell/media mixture underwent one rapid freeze/thaw cycle and was centrifuged at 1000x g for 10min to clarify the media. The virus in the supernatant was used for subsequent experiments. Equal volumes of the supernatant from the same culture containing the virus were used for transfection of primary human cells.

### NB-UVA exposure of ciliated tracheal epithelial cells (HTEpC) transfected with CoV-229E {#sec014}

HTEpC (135,000 cells) were plated into three groups. Group 1 was transfected with CoV-229E (n = 3, 50uL per plate). In group 2, prior to transfection, CoV-229E was exposed to NB-UVA (n = 3, 2000 μW/cm^2^) for 20min. Group 3 was not exposed to NB-UVA or transfected (n = 3). After transfection, the cells were exposed to NB-UVA (4cm distance with 2000 μW/cm^2^ at the plate surface) for 20min daily. Plates were imaged at 16, 36, 72, and 96hrs, cell viability (live/dead) counts were obtained at 72 and 96hrs post-transfection. Trypan Blue 0.4% (1:1) (Gibco) was used to determine live/dead cells and cell counts were obtained using an automated cell counter (Biorad T20, Hercules, CA). Cells were kept at 37ºC (5% CO~2~).

### NB-UVA effects on CoV-229E and mitochondrial antiviral signaling protein (MAVS) {#sec015}

AllPrep DNA/RNA/Protein Mini Kits (Qiagen) were used to extract total protein from UVA-exposed and unexposed tracheal cells transfected with CoV-229E. Proteins were loaded into a Bolt 4--12% Bis-Tris gel (NW04122 Thermo Fisher) and transferred onto a Biotrace NT nitrocellulose membrane (27376--991, VWR). Total proteins were stained with Ponceau S solution (P7170, Sigma-Aldrich). The membrane was blocked in blocking solution (tris-buffered saline containing 3% bovine serum albumin (A7030, Sigma-Aldrich) and 0.1% Tween 20 (P1379, Sigma-Aldrich) (TBS-T) and incubated overnight at 4°C with either rabbit anti-coronavirus spike protein antibody (1:1000; PA5-81777, Thermo Fisher) or mouse anti-MAVS antibody (1:200; SC-166583, Santa Cruz Biotechnology) diluted in blocking solution. After washing in TBS-T, the membrane was then overlain with either horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1:300; 95058--734, VWR) or HRP-conjugated goat anti-mouse IgG antibody (1:300; 5220--0286, SeraCare), washed in TBS-T, and exposed to enhanced chemiluminescence solution (RPN2235, GE Healthcare). Immunoreactive protein bands were imaged using a ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules, CA).

In vivo effects of UVA {#sec016}
----------------------

### Animal preparation {#sec017}

*In vivo* effects of UVA exposure on mammalian internal visceral cells were assessed using wildtype 129S6/SvEv mice (n = 20, female = 10) and BALB/cJ mice (n = 10, female = 5). Animals were anesthetized prior to UVA light treatment in a chamber containing isoflurane anesthetic gas (1--5%) mixed with oxygen, and maintained under sedation using a nose cone anesthesia (1--2% isoflurane) at one breath per second. Euthanasia was performed using C0~2~ inhalation followed by cervical dislocation. All animal research was performed under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at Cedars-Sinai Medical Center, IACUC007304.

### Exposure of colonic mucosa to UVA {#sec018}

Under anesthesia, the borosilicate rod (OD = 4mm, length = 40mm) was introduced anally to the splenic flexure ([S1C Fig](#pone.0236199.s001){ref-type="supplementary-material"}). Five BALB/cJ mice underwent colonic BB-UVA exposure (2,000 μW/cm^2^) for 30min, and 5 mice were treated with an unlit optic rod. In the second experiment, ten 129S6/SvEv mice underwent 20min daily colonic UVA exposure (3,000--3,500 μW/cm^2^) for 2 two consecutive days, and 10 mice (male = 5) were treated with an unlit rod.

### Endoscopic examination before and after UVA light therapy {#sec019}

While anesthetized, a rigid pediatric cystoscope (Olympus A37027A) was used to assess the intestinal mucosa up to the splenic flexure before and after UVA exposure. All endoscopies were recorded and blindly interpreted by two gastroenterologists (JHP and SYK) with expertise in animal model endoscopies. Endoscopic appearances were analyzed based on perianal examination, transparency of the intestinal wall, mucosal bleeding, and focal lesions.

### Tissue analysis {#sec020}

At day 14, control and treated mice were euthanized, and swiss-roll preparations of the colon were performed as described \[[@pone.0236199.ref020]\]. The rolled colon was transferred to a tissue-processing/embedding cassette and placed in 10% buffered formalin overnight. Paraffin sections of the colon were cut, stained with hematoxylin and eosin (H&E), and assessed by a blinded pathologist (SS).

Statistical analysis {#sec021}
--------------------

Descriptive statistics were calculated to describe the bacteria counts and colony sizes and UVA exposure with varying intensities. Each UVA group included 4 measurements and the mean of the measurements at each time point was reported. To assess the effect of UVA light on bacteria, yeast, and virus, the measurements of bacteria and human cells in UVA exposed and control groups were compared with t-test. Bivariate analyses were used to further determine the association between UVA exposure and viral effect on three human cell types. The continuous variables were compared with t-test. The statistical significance was defined as p \< 0.05. Analyses were performed using GraphPAD Prism 7 (GraphPad, San Diego, CA).

Results {#sec022}
=======

UVA effectively reduces bacteria and yeast {#sec023}
------------------------------------------

Exposure to BB-UVA (wavelength range 325-400nm) was associated with a significant microbial reduction at various time-points ([Table 1](#pone.0236199.t001){ref-type="table"}). *E*. *coli* and *Pseudomonas aeruginosa* exposure to NB-UVA resulted in a significant dose-dependent reduction in bacterial cells and colony sizes ([Table 2](#pone.0236199.t002){ref-type="table"}, [S2 Table](#pone.0236199.s005){ref-type="supplementary-material"}, [Fig 1](#pone.0236199.g001){ref-type="fig"}). The optimal NB-UVA intensity to impact bacteria appeared to be between 2000 and 3000μW/cm^2^ at 1 cm from the target for 20 to 40 minutes ([Table 2](#pone.0236199.t002){ref-type="table"}, [S2 Table](#pone.0236199.s005){ref-type="supplementary-material"}). The effect of NB-UVA on bacteria is a construct, with time of exposure, irradiance, distance from light source and wavelength all being important factors.

![(A) Effect of narrow-band UVA exposure with intensity of 2000μW/cm^2^ at the *E*. *coli* culture plate. An array of five LEDs was placed 1 cm above the plate, and plates were exposed for 20 and 40 minutes. (B) Effects of UVA treatment of *E*. *coli* liquid cultures when subsequently plated. Liquid *E*. *coli* cultures were treated with 3000 W/cm^2^ for 20 minutes (right) or left untreated as controls (left), then plated on solid medium. There is a notable decrease in the number and size of *E*. *coli* colonies following UVA treatment.](pone.0236199.g001){#pone.0236199.g001}

10.1371/journal.pone.0236199.t001

###### Effect of broad band UVA light on bacteria and yeast based on time of exposure.

![](pone.0236199.t001){#pone.0236199.t001g}

  Microorganism                  UVA Intensity (μW/cm^2^)   Group     Baseline   20 min      \% Reduction                            Log Reduction                           P value   40 min      \% Reduction                            Log Reduction                           P value   60min       \% Reduction                            Log Reduction                           P value
  ------------------------------ -------------------------- --------- ---------- ----------- --------------------------------------- --------------------------------------- --------- ----------- --------------------------------------- --------------------------------------- --------- ----------- --------------------------------------- --------------------------------------- ---------
  *Clostridioides difficile*     2,000                      Exposed   0.10       0.08        38.46%                                  0.21                                    0.01      0.01        94.12%                                  1.23                                    0.003     0.0031      99.21%                                  2.10                                    0.01
  Control                        0.10                       0.13      0.17       0.39                                                                                                                                                                                                                                                                                                    
  *Candida albicans*             1,700                      Exposed   0.14       0.09        47.06%                                  0.28                                    0.007     0.03        85.00%                                  0.82                                    0.001     0.0032      98.00%                                  1.70                                    0.001
  Control                        0.14                       0.17      0.20       0.16                                                                                                                                                                                                                                                                                                    
  *Pseudomonas aeruginosa*       3,500                      Exposed   0.81       0.07        88.52%                                  0.94                                    \<0.001   No Growth   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   \<0.001   No Growth   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   \<0.001
  Control                        0.81                       0.61      0.93       0.85                                                                                                                                                                                                                                                                                                    
  *Klebsiella pneumoniae*        1,300                      Exposed   5.90       6.34        15.35%                                  0.07                                    0.17      3.34        68.19%                                  0.50                                    \<0.001   1.53        88.92%                                  0.96                                    \<0.001
  Control                        5.90                       7.49      10.50      13.81                                                                                                                                                                                                                                                                                                   
  *Escherichia coli*             1,300                      Exposed   1.25       0.41        87.61%                                  0.91                                    \<0.001   0.21        95.00%                                  1.30                                    0.001     0.03        99.46%                                  2.26                                    \<0.001
  Control                        1.25                       3.31      4.20       5.52                                                                                                                                                                                                                                                                                                    
  *Enterococcus faecalis*        2,400                      Exposed   9.21       2.99        71.79%                                  0.55                                    0.1       0.61        95.86%                                  1.38                                    0.01      0.08        99.55%                                  2.35                                    0.01
  Control                        9.21                       10.60     14.72      17.74                                                                                                                                                                                                                                                                                                   
  *Streptococcus pyogenes*       1,800                      Exposed   1.17       0.68        18.07%                                  0.09                                    0.64      0.64        61.90%                                  0.42                                    0.001     0.17        87.02%                                  0.89                                    0.004
  Control                        1.17                       0.83      1.68       1.31                                                                                                                                                                                                                                                                                                    
  *Proteus mirabilis*            2,400                      Exposed   0.62       No Growth   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   \<0.001   No Growth   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   \<0.001   No Growth   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   \<0.001
  Control                        0.62                       0.59      0.49       0.54                                                                                                                                                                                                                                                                                                    
  *Staphylococcus epidermidis*   2,150                      Exposed   0.57       0.43        27.12%                                  0.14                                    0.01      0.03        95.65%                                  1.36                                    \<0.001   0.000117    99.98%                                  3.78                                    \<0.001
  Control                        0.57                       0.59      0.69       0.7                                                                                                                                                                                                                                                                                                     

\* No growth observed. Bactericidal threshold of \>99.9% or 3 log reduction is met.

10.1371/journal.pone.0236199.t002

###### Effect of narrow-band UVA light on bacteria based on time exposure using varying intensities at 1 cm from the target.

![](pone.0236199.t002){#pone.0236199.t002g}

  Microorganism              UVA Intensity (μW/cm^2^)   Group     Baseline   20 min   \% Reduction   Log Reduction   P value     40 min                                  \% Reduction                            Log Reduction   P value
  -------------------------- -------------------------- --------- ---------- -------- -------------- --------------- ----------- --------------------------------------- --------------------------------------- --------------- ---------
  *Escherichia coli* GFP     500                        Exposed   0.25       0.16     32.87          0.17            0.26        0.13                                    53.80                                   0.34            0.06
  Control                    0.25                       0.24      0.28                                                                                                                                                           
  1000                       Exposed                    0.14      0.12       20.97    0.10           0.38            0.08        55.50                                   0.35                                    0.01            
  Control                    0.14                       0.15      0.18                                                                                                                                                           
  2000                       Exposed                    0.26      0.14       41.96    0.24           0.17            0.04        86.77                                   0.88                                    0.01            
  Control                    0.26                       0.23      0.30                                                                                                                                                           
  3000                       Exposed                    0.19      0.02       89.09    0.96           \<0.001         No growth   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   0.01            
  Control                    0.19                       0.15      0.19                                                                                                                                                           
  *Pseudomonas aeruginosa*   500                        Exposed   0.49       0.27     24.79          0.12            0.17        0.24                                    -23.87                                  -0.09           0.47
  Control                    0.49                       0.36      0.19                                                                                                                                                           
  1000                       Exposed                    0.49      0.24       25.24    0.13           0.01            0.10        37.07                                   0.20                                    \<0.001         
  Control                    0.49                       0.40      0.32                                                                                                                                                           
  2000                       Exposed                    0.28      0.06       69.07    0.51           0.17            0.03        78.37                                   0.67                                    0.05            
  Control                    0.28                       0.20      0.14                                                                                                                                                           
  3000                       Exposed                    0.40      0.07       77.42    0.65           \<0.001         0.02        89.23                                   0.97                                    0.01            
  Control                    0.40                       0.32      0.22                                                                                                                                                           

\* No growth observed. Bactericidal threshold of \>99.9% or 3 log reduction is met.

### NB-UVA exposure is not associated with impaired cell viability or DNA damage {#sec024}

NB-UVA did not appear to affect growth of human cells tested (HeLa, alveolar A549 and tracheal epithelial cells). All plates demonstrated continued cell growth, regardless of UVA intensity, with 1.5 to 2 times the number of cells per plate compared to controls, indicating ongoing replication. NB-UVA did not affect HeLa cells growth and viability analyzed by trypan blue dye exclusion staining at 24hrs when compared to unexposed controls (10min of 2000 μW/cm^2^ UVA: mean cell growth in treated 3.01x10^6^ vs. mean cell growth untreated 2.3x10^6^, P = 0.53; mean cell viability in treated 99.3% vs. mean cell viability in untreated 99.3%, P\>0.99; 20min of 2000 μW/cm^2^ UVA: mean cell growth in treated 2.76x10^6^ vs. mean cell growth in untreated 2.73x10^6^, P = 0.94; mean cell viability in treated 99.6% vs. mean cell viability in untreated 99.3%, P = 0.70) ([Fig 2A](#pone.0236199.g002){ref-type="fig"}).

![Effects of UVA treatment on cell growth and viability.\
(A) Effect of 10- and 20-minutes narrow-band (NB) UVA exposure (2000 μW/cm^2^) on total number of HeLa cells (N = 3). (B) Effect of 10- and 20-minutes NB UVA exposure (2000 μW/cm^2^) on percentage of viable HeLa cells (N = 3). (C) Effect of 20 minutes higher dose NB UVA exposure (5000 μW/cm^2^) on percentage of viable HeLa cells (N = 3). (D) Effect of 20 minutes UVA exposure (2000 μW/cm^2^) on percentage of viable alveolar cells (N = 3). Bars represent the mean value of the total number of cells (A) and percentage of live cells (B, C and D) for controls not exposed to UVA and cells exposed to UVA.](pone.0236199.g002){#pone.0236199.g002}

Higher intensity NB-UVA (5000 μW/cm^2^) did not affect HeLa cells growth and viability (mean cell growth in treated 4.21x10^6^ vs. mean cell growth in untreated 3.67x10^6^, P = 0.36; mean cell viability in treated 99% vs. mean cell viability in untreated 99%, P\>0.99) ([Fig 2B](#pone.0236199.g002){ref-type="fig"}). Similar findings were observed with alveolar cells at 2000 μW/cm^2^ for 20min (mean cell growth in treated 1.52x10^6^ vs. mean cell growth in untreated 1.39x10^6^, P = 0.24; mean cell viability in treated 97% vs. mean cell viability in untreated 99%, P = 0.48) ([Fig 2C](#pone.0236199.g002){ref-type="fig"}).

Finally, HTEpC growth and viability were also unaffected by NB-UVA after 20min of exposure to 1000 μW/cm^2^ (mean cell growth in treated 1.41x10^5^ vs. mean cell growth in untreated 1.26x10^5^, P = 0.61; mean cell viability in treated 89.6% vs. mean cell viability in untreated 93.3%, P = 0.173) and to 2000 μW/cm^2^ (mean cell growth in treated 1.83x10^5^ vs. mean cell growth in untreated 2.18x10^5^, P = 0.13; mean cell viability in treated 99% vs. mean cell viability in untreated 97%, P = 0.44).

Exposure to NB-UVA did not increase the levels of 8-OHdG in cells treated with NB-UVA as compared to controls (P\>0.05) ([Fig 3](#pone.0236199.g003){ref-type="fig"}). Higher intensity NB-UVA (5000 μW/cm^2^) appeared to increase 8-OHdG levels (P = 0.07) but the percentage of 8-OHdG remained well below the generally accepted safety threshold of 0.01% of the total DNA.

![8-OHdG levels after exposure to NB-UVA at various intensities at the cell plate on A) HeLa cells, B) alveolar cells and C) ciliated tracheal epithelial cells.](pone.0236199.g003){#pone.0236199.g003}

Effect of NB-UVA light on human cells transfected with group B coxsackievirus {#sec025}
-----------------------------------------------------------------------------

### EGFP-CVB UVA exposure prior to transfection of HeLa cells does not mitigate transfection {#sec026}

At 24 hours post-transfection, the percentage of dead cells was not different between plates with UVA pre-treated EGFP-CVB (62.0%±7.0) and untreated controls (69.0%±13.1) (P = 0.46); hence, pretreatment of EGFP-CVB did not appear to affect transfection of HeLa cells.

### HeLa cell exposure to UVA prior to EGFP-CVB transfection did not mitigate viral effects {#sec027}

In order to determine whether UVA pretreatment of cells affects the transfectivity of EGFP-CVB virus, half of the plates with HeLa cells were left untreated and the other half were pre-treated with 2000 μW/cm^2^ NB-UVA for 20min. EGFP-CVB was added to both groups. Both groups were transfected, suggesting that pretreating HeLa cells with UVA prior to transfection did not influence the viral transfection rate.

### NB-UVA exposure after transfection with EGFP-CVB reduces viral effects on HeLa cells {#sec028}

EGFP-CVB transfected HeLa cells were exposed to 2000 μW/cm^2^ NB-UVA at 6hrs post-infection, then twice daily for two additional days, with cell counts at 72hrs. Transfected but UVA-unexposed cells served as controls. In the exposed group, UVA prevented cell death, with increased cell counts to 339,333 ± 60,781 at 72hrs ([Fig 4](#pone.0236199.g004){ref-type="fig"}), compared to no live cells remaining on plates at 48 ([S2 Fig](#pone.0236199.s002){ref-type="supplementary-material"}) and 72hrs in untreated controls. Importantly, HeLa cells that were not transfected but received NB-UVA exposure at the same time intervals showed normal cell proliferation, with cell counts of 2,413,333 ± 403,773 at 72hrs.

![Effect of repeated UVA treatments on the number of adherent HeLa cells post-transfection with Coxsackievirus at 72 hours.\
\*The number of adherent cells at 48 hours were below the limit of detection of the automated cell counter used (Biorad T20), and no adherent cells were observed at 72 hours.](pone.0236199.g004){#pone.0236199.g004}

### Effect of NB-UVA exposure on alveolar (A549) cells transfected with EGFP-CVB {#sec029}

Compared to HeLa cells, transfection with EGFP-CVB induced less death in alveolar cells. Alveolar cells treated with NB-UVA also demonstrated transfection, but visual assessment suggested lower rates of transfection, with fewer cells producing viral EGFP signals ([S3 Fig](#pone.0236199.s003){ref-type="supplementary-material"}). Viable cell counts were numerically higher in the UVA exposed group (90.0%±2.0) compared to the unexposed group (72.7%±23.9), however, statistical significance was not reached (P = 0.28)

### NB-UVA light preserves tracheal cells transfected with CoV-229E {#sec030}

Transfected HTEpC produced definitive changes in cell morphology. However, non-transfected control cells and transfected cells treated with daily UVA exhibited predominantly normal morphology ([Fig 5](#pone.0236199.g005){ref-type="fig"}). At 96hrs, there were no differences in cell counts and viability between controls (mean cell number: 3.33x10^5^, mean cell viability: 92±1.0%) and transfected UVA-treated cells (mean cell number: 3.48x10^5^; mean cell viability: 95±2.5%) suggesting that UVA exposure prevented virus-induced cell death (cell number P = 0.88; cell viability: P = 0.16). In contrast, there was a significant reduction in viable cells in untreated transfected cells (mean cell number: 1.99x10^5^; mean cell viability: 70±4.36%) compared to transfected UVA-treated cells (mean cell number: 3.48x10^5^; mean cell viability: 95±2.5%) (cell number P = 0.02; cell viability: P = 0.001) ([Fig 6A](#pone.0236199.g006){ref-type="fig"}).

![Effect of UVA treatment on coronavirus 229E infection of HTeC cells at A) 16 hours, B) 36 hours, C) 72 hours and D) 96 hours post transfection (20x phase-contrast images). Left panels: Uninfected, untreated control cells. Middle panels: cells transfected with coronavirus 229E. Right panels: cells transfected with UVA-treated coronavirus 229E and then treated with UVA. Cells transfected with coronavirus 229E exhibit increasing vacuolation and cell death over time, resulting in decreased cell density. In contrast, transfected and UVA-treated cells remain viable and exhibit similar morphology to controls.](pone.0236199.g005){#pone.0236199.g005}

![A) Viability of ciliated tracheal epithelial cells depending on transfection with coronavirus 229E and treatment with UVA light after 96 hours. Transfected ciliated tracheal epithelial cells showed 25% ±1.84 more viability when treated with NB UVA. B) Intracellular detection of coronavirus 229E in ciliated tracheal epithelial cells treated with NB-UVA light at 96 hours and levels of Mitochondrial antiviral-signaling protein (MAVS). Column 1, 2, and 3 represent cells transfected with CoV-229E; column 4, 5 and 6 --cells transfected with CoV-229E and treated with NB-UVA. Ponceau S Stain was used to locate overall protein bands to check the amount of protein loaded on the gel.](pone.0236199.g006){#pone.0236199.g006}

Transfected cells exposed to NB-UVA showed decreased CoV-229E spike (S) protein (\~130kDa) when compared to transfected cells not treated with UV ([Fig 6B](#pone.0236199.g006){ref-type="fig"}). Moreover, cells transfected with CoV-229E and treated with UVA had increased levels of MAVS when compared to UVA-naïve cells transfected with CoV-229E, suggesting that UVA may activate MAVS to enter an antiviral state without triggering antiviral apoptotic cell death ([Fig 6B](#pone.0236199.g006){ref-type="fig"}).

Single or repeated colonic BB-UVA light exposure is not associated with endoscopic or histologic injury in mice {#sec031}
---------------------------------------------------------------------------------------------------------------

No perforation, bleeding or death were seen during intracolonic UVA exposure of mice. Endoscopic evaluation of mice before and after single or repeated UVA administration demonstrated no macroscopic evidence of mucosal erythema, friability, ulceration or bleeding ([Fig 7A](#pone.0236199.g007){ref-type="fig"}). Furthermore, no ulcerations, acute/chronic inflammation, cryptitis, crypt abscesses, granulomata, or dysplasia were identified under microscopic examination of full-thickness colonic specimens exposed UVA as compared to controls and untreated segments of the colon as assessed by a blinded pathologist (SS) ([Fig 7B](#pone.0236199.g007){ref-type="fig"}).

![A) Colonoscopic images before and 72 hours after repeated UVA treatment in mice. B) Full-thickness histological examination of the post-mortem colon in BB-UVA-treated mice at various magnifications. Clockwise from top to left, H&E microscopic examinations at 12.5X, 100X, 200X and 400X magnification. There is no evidence of endoscopic or histologic abnormalities.](pone.0236199.g007){#pone.0236199.g007}

Discussion {#sec032}
==========

The global health community is facing formidable challenges resulting from the emergence of novel pathogens and the rise of antimicrobial resistance. Internal UVA light may provide an inexpensive, effective solution. Treatment with UVA light at specific intensities, peak-wavelengths, exposure times and distances is effective against bacteria (*Pseudomonas aeruginosa*, *Klebsiella pneumoniae*, *Escherichia coli*, *Enterococcus faecalis*, *Clostridioides difficile*, *Streptococcus pyogenes*, *Staphylococcus epidermidis*, *Proteus mirabilis)*, yeast (*Candida albicans)* and viruses (Coronavirus-229E and Coxsackievirus B) *in vitro*. Supratherapeutic (5,000 μW/cm2 for 20 minutes) or repeated (up to five 20-minute sessions) exposure of human cells to UVA did not affect cell survival or significantly increase DNA oxidation. *In vivo*, single and repeated broad-spectrum intracolonic UVA exposure in mice did not show harm on endoscopic evaluation and full-thickness pathologic assessment when compared to unexposed control animals. Our findings suggest that controlled UVA may be effective against various pathogens, does not appear to harm human cells *in vitro*, and exhibits a favorable *in vivo* safety profile.

Increments in duration of exposure improved microbial reduction by UVA in our experiments (Tables [1](#pone.0236199.t001){ref-type="table"} and [2](#pone.0236199.t002){ref-type="table"}). Reductions in colony count and size were statistically significant but within the timeframe of UVA exposure in our experiments (60 minutes or less), the bactericidal threshold of 1000-fold reduction (i.e. \>99.9% reduction) in bacterial density \[[@pone.0236199.ref021]\] was not met for several microbes. Mechanisms underlying the antimicrobial effects of UV light are not fully known. It is postulated that formation of pyrimidine(6--4)pyrimidone and cyclobutane pyrimidine dimers upon exposure to light disrupts microbial DNA and RNA, inhibiting replication \[[@pone.0236199.ref022]\]. For this reason, UV light has been associated with toxicity to human cells. While UVA therapy does not have known systemic toxicity \[[@pone.0236199.ref023]\], prolonged, high dose exposure to UVA has been associated with melanoma \[[@pone.0236199.ref024], [@pone.0236199.ref025]\]. Our *in vitro* studies showed no growth retardation or excess DNA oxidation of HeLa, alveolar, and ciliated tracheal epithelial cells exposed to controlled doses of UVA. In addition, *in vivo* single or repeated intraluminal exposure was not associated with inflammation or dysplasia in the short term. These findings support the plausibility of controlled internal UVA exposure as an antimicrobial therapeutic modality. However, further elucidation of potential long-term toxicity is warranted. Of note, despite known harmful effects of UVB \[[@pone.0236199.ref026]\] and UVC including skin cancers \[[@pone.0236199.ref027], [@pone.0236199.ref028]\], short-term UVB therapy is an approved treatment for several inflammatory dermatological conditions \[[@pone.0236199.ref007]\], and far UVC light is being explored for its properties that include antimicrobial effects without harm to mammalian cells \[[@pone.0236199.ref029]\].

Application of internal UVA has several potential advantages. First, there is no evidence for *de novo* resistance to UV radiation against pathogens. Second, the onset of UVA antimicrobial effects may be significantly faster than existing therapies which may take days to reach peak anti-microbial effects. Our results show that 20 to 40 minutes of exposure to UVA is effective against pathogens. Third, internal UVA is now feasible. Traditionally, UV studies involved large incandescent, fluorescent or mercury vapor lamps \[[@pone.0236199.ref024]\] requiring significant distance from the target for heat protection and homogenization of UV irradiance. Miniature LEDs have improved stability, durability, thermal properties, and more precise peak wavelengths than traditional UV lamps \[[@pone.0236199.ref030]\]. Our results show that controlled narrow-band UVA emitted by LEDs in close proximity to the target appears to be effective against various pathogens.

An important finding in our study is that UVA exhibits antiviral effects against positive sense, single-stranded RNA viruses including coxsackievirus group B and coronavirus-229E. Furthermore, we examined whether antiviral signaling mechanisms were altered with UVA treatment, and found that MAVS protein increases after UVA exposure. This component of cellular antiviral immunity plays a central role in viral suppression \[[@pone.0236199.ref031]\] and suggests that UVA may activate MAVS to enter an antiviral state without triggering antiviral apoptotic cell death. The mechanism by which UVA induces MAVS overexpression requires further elucidation. Furthermore, various modes of cell death including apoptosis and necrosis need to be assessed in the future.

Our findings may support the clinical evaluation of internally applied UVA to treat or prevent pathogenic infections of the respiratory tract, digestive tract, and others. One immediate potential application may be to decrease SARS-CoV-2 viral load in severely affected patients. SARS-CoV-2 replicates in upper respiratory tract ciliated epithelial cells \[[@pone.0236199.ref032]\], which then shed and can lead to compromised pulmonary function \[[@pone.0236199.ref001], [@pone.0236199.ref033]--[@pone.0236199.ref035]\] and death \[[@pone.0236199.ref036]\]. Compromised pulmonary function warrants mechanical ventilation in 2--5% of infected individuals \[[@pone.0236199.ref001], [@pone.0236199.ref033]--[@pone.0236199.ref035], [@pone.0236199.ref037]\]. Ventilator-associated pneumonia (VAP), as a secondary microbial infection, has been reported in 31% of COVID-19 patients who require intubation \[[@pone.0236199.ref038]\]. Decreasing/delaying tracheal and endotracheal tube (ETT) colonization has been associated with lower rates of VAP \[[@pone.0236199.ref039], [@pone.0236199.ref040]\]. It is conceivable that controlled, intermittent UVA in the upper airway may reduce viral burden and/or prevent VAP. Clinical studies are warranted to assess antimicrobial effects of internal UVA phototherapy. To explore this, we first assessed whether UVA is a potential alternative to antibiotic and antifungal treatments. Intubated COVID19 patients suffer from high rate of VAP, which is caused by secondary bacterial or fungal infections. If UVA therapy is effective against these agents, it could potentially decrease morbidity and mortality in COVID19 patients due to VAP. Second, we aimed to show the utility of UVA in suppressing RNA viruses including human coronavirus 229E. Third, we assessed the safety of UVA for human cells including alveolar and tracheal cells *in vitro*. Fourth, as the effects of in-vivo internal UV therapy have not been investigated previously, we explored the safety of applying UVA light internally on murine colonic mucosa, as a first animal model of internal UVA therapy. This model has several advantages over other intraluminal exposure models: 1) it allows for repeated UVA treatments under identical controlled conditions, 2) it permits *in vivo* assessment of the mucosa using endoscopy without the need for euthanasia, 3) the unexposed right colon serves as a histologic control for the exposed left colon in each animal, and 4) as shown in the control experiments, intracolonic placement of UV emitting devices does not lead to local or systemic injuries as a potential confounder to safety assessment of internal UV therapy.

Our study has several limitations. While multiple daily short-term UVA treatments did not harm human cells and appeared safe *in vivo*, longer term use may require further study. We assessed UVA against several microbes, but more studies are needed to address additional pathogens, including multi-drug resistant organisms, mycobacteria, and archaea. We did not evaluate UVA against SARS-CoV-2 specifically. However, given the efficacy of UVA against coxsackievirus and CoV-229 (both positive sense, single-stranded RNA viruses), SARS-CoV-2 is likely also UVA-sensitive.

In conclusion, under specific conditions, UVA reduces bacteria, fungi and viruses including CoV-229E, and in the short-term does not harm mammalian cells in preclinical studies. Determination of whether the reduction in bacterial and viral loads seen here have a clinical impact will require human *in vivo* testing. Controlled internal UVA therapy can potentially provide a safe and novel modality for treating human pathogens.
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A\) Customized side-emitting borosilicate light rod used for broad-band UVA experiments. B) Narrow-band UVA LED light configuration. C) UVA light application in mice for *in vivo* safety determination. Right side: mouse undergoing colonic UVA therapy up to splenic flexure under anesthesia. Left side: control mouse exposed to unlit rod.
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###### Effects of NB-UVA exposure on HeLa cells transfected with group B coxsackievirus.

A\) 24 hours after transfection: Reduced number of adherent cells in UVA-unexposed plates (left panel, percent dead cells in supernatant = 67.5±11.0%) compared with UVA-exposed plates (right panel, percent dead cells in supernatant = 16.1±5.8%) (P = 0.002). (Magnification = 4x, overlay of green light and bright field).
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Effects of NB-UVA exposure on alveolar (A549) cells transfected with EGFP-CVB Transfected alveolar cells treated with NB UVA exhibit less viral EGFP signals (left panel) when compared to transfected alveolar cells not treated with UVA (right panel) (Magnification = 4x, overlay of green light and bright field).
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###### *In vitro* exposure of pathogens to UVA, including growth conditions, intensity, and duration of UVA exposures.
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###### Effect of NB-UVA light on bacterial colony diameter based on time exposure across varying intensities.
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